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Accurate quantification of steady and pulsatile flow with segmented
k-space magnetic resonance velocimetry
H. Zhang, S.S. Halliburton, J.R. Moore, O.P. Simonetti,
P.R. Schvartzman, R.D. White, G.P. Chatzimavroudis

Abstract Conventional non-segmented magnetic reso
nance phase velocity mapping (MRPVM) is an accurate
but relatively slow velocimetric technique. Therefore, the
aim of this study was to evaluate the accuracy of the much
faster segmented k-space MRPVM in quantifying ﬂow. The
axial velocity was measured in four straight tubes (inner
diameter: 5.6–26.2 mm), using a segmented MRPVM se
quence with seven lines of k-space per segment. The ﬂow
rate and ﬂow volume were accurately quantiﬁed (er
rors<5%) under steady (r2=0.99) and pulsatile ﬂow
(r2=0.98), respectively. The measured velocity proﬁles and
ﬂow rates from the segmented sequence agreed with those
from the non-segmented (p>0.05). Changing the slice
thickness or the ﬁeld of view did not affect the accuracy of
the measurements. The results of this study suggest that
fast, segmented MRPVM can be used for accurate ﬂow
quantiﬁcation.

1
Introduction
Hydrogen-based magnetic resonance (MR) imaging is
routinely used to provide anatomical, functional, and
velocimetric information non-invasively. This imaging
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modality is based on the fact that inside a strong magnetic
ﬁeld the magnetic moments of hydrogen nuclei (spinning
protons) align (parallel and anti-parallel) with the direction
of the magnetic ﬁeld. The strong magnetic ﬁeld causes the
spinning protons to ‘‘precess’’, similarly to the way that a
spinning top wobbles around its axis as a result of its spin
and the gravitational force. The frequency of this preces
sion depends on the strength of the magnetic ﬁeld. Using
radio-frequency pulses with a frequency equal to this pre
cession frequency, the protons can be energetically excited.
As they return to equilibrium, they emit a signal that can be
detected and used to reconstruct an image. By applying a
combination of magnetic ﬁeld gradients in all three direc
tions in space (slice selection direction, phase encoding
direction, and frequency encoding direction) during the
procedure, the position of the excited protons can be
spatially encoded (Fig. 1). This encoding is essential in
image acquisition and reconstruction. The raw data (from
the received signal) are in the frequency domain (k-space).
Each time the protons are excited and then return to
equilibrium, the received signal is used to ﬁll one line of
k-space. For an image of 256·256 pixels, 256 k-space lines
are normally needed (although there are ways to reduce
this number). After the k-space is ﬁlled with the proper
amount of data, a two-dimensional Fourier transform
reconstructs the image in the spatial domain.
An important feature of MR (which is the focus of this
text) is its ability to measure ﬂow velocity in any spatial
direction via a technique called magnetic resonance phase
velocity mapping (MRPVM). By applying proper bipolar
magnetic ﬁeld gradients (Fig. 1), the velocity of the pro
tons can be encoded in the phase of the received signal
(Moran 1982). This phase-velocity encoding follows a
linear equation:
0 TE
1
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where / is the phase of the received signal (rad), c is the
gyromagnetic ratio (Hz/T), v is the velocity (assumed
constant) (m/s), M1 is the ﬁrst moment of the gradient
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Fig. 1. Simplistic diagram of a typical non-segmented gradientecho sequence with a bipolar gradient (shaded area) in the slice
selection direction for velocity encoding (a: ﬂip angle, TR: repetition
time, TE: echo time, Ag: bipolar gradient single lobe area, T: time
between the lobe centers in the bipolar gradient)

The velocimetric capability of MR has been widely used
clinically (Pelc et al. 1992; Bogren and Buonocore 1994;
Chatzimavroudis et al. 1998a; Kilner et al. 1993), but also
in non-biomedical applications, such as to characterize the
velocity proﬁles of pure ﬂuids and suspensions (Corbett
et al. 1995), to study ﬂow in porous media (Mansﬁeld et al.
1992), to visualize ﬂow in ﬁxed-bed reactors (Mantle et al.
2001), as a rheological technique (Britton and Callaghan
2000) and viscometer (Arola et al. 1997), and in other ﬂuid
mechanics applications. The accuracy of MRPVM has been
sufﬁciently high, with errors of less than 10% under both
steady and pulsatile ﬂow conditions (Duerk and Pattanu
1988; Meier et al. 1988; Chatzimavroudis et al. 1997;
Chatzimavroudis et al. 1998b; Moser et al. 2000). Clinical
studies evaluating the potential and reliability of MRPVM
for blood ﬂow characterization or quantiﬁcation have
shown good correlations between MRPVM and conven
tional velocimetric (Doppler ultrasound) and ﬂowmetric
techniques (Meier et al. 1988; Dulce et al. 1992; Pelc et al.
1992).
Conventional MRPVM is performed using a gradientecho sequence with a bipolar velocity-encoding gradient in
the desired direction for velocity measurement (Fig. 1). In
the case of pulsatile ﬂow, such as arterial ﬂow in the hu
man body, multiple measurements are acquired during the
(cardiac) cycle. The MR scanner can be triggered by the
electrocardiogram (ECG) signal of the human subject to
identify the beginning of the cardiac cycle, and then a
number of image acquisitions are performed at different
time points (time phases) throughout the cycle. For each
time phase, only one excitation, spatial encoding, and
signal readout is performed to ﬁll one line in the k-space.
To obtain the necessary number N of k-space lines for a
successful image reconstruction under the desired spatial
resolution, data must be acquired over N sequential heart
beats. For example, for 128 k-space lines, the acquisition
requires approximately 2 min, whereas for 256 lines, the
acquisition requires approximately 4 min (depending on

heart rate and imaging parameters). Since blood ﬂow
measurement is usually only part of a complete cardiac
MR examination and since new clinical protocols have
started to involve multiple velocity acquisitions (Walker
et al. 1995; Chatzimavroudis et al. 1998a; Walker et al.
2000), this single line non-segmented k-space technique
becomes less practical clinically.
With the development of rapid imaging sequences,
such as turbo gradient echo (TGE), the process of proton
excitation, spatial encoding, and signal readout is per
formed very rapidly. Therefore, instead of acquiring only
one k-space line for each time phase of the cardiac cycle
and then wait until the next heart beat to acquire the next
k-space line (non-segmented sequence), a segment of M kspace lines can be acquired very rapidly per time phase
during each heart beat (segmented sequence). In other
words, the segmented sequence is performed with such
high speed that there is enough time to excite the protons,
encode their position, and read the signal M times per time
phase. As a result, for each time phase of the cardiac cycle,
a segment of M k-space lines are obtained. Thus, to ﬁll the
total of N k-space lines, data must be acquired over N/M
heart beats (instead of N heart beats for the non-seg
mented sequence). Consequently, if the number of lines
per segment (M) is large enough, the acquisition can be
performed in seconds instead of minutes, with high tem
poral and spatial resolution (Mohiaddin et al. 1995;
Thomsen et al. 1995; Davis et al. 1997; Bock et al. 1998;
Poutanen et al. 1998; Laffon et al. 1999). The larger the
number (M) of lines per segment, the faster the acquisi
tion. However, as the number of lines per segment in
creases, the temporal resolution of the acquired data
becomes lower (less time phases can be acquired during
the cardiac cycle as a result of the increase in the time
interval assigned for each time phase).
If velocity-encoding gradients are added to the regular
TGE sequence, the ﬂow velocity can be measured rapidly.
By placing an imaging slice perpendicular to the long
axis of a tube and by measuring the axial velocity proﬁle,
the ﬂow rate can be calculated by integrating the velocity
over the cross-sectional area of the tube. If the ﬂow is
pulsatile, integration of the ﬂow rate over the duration of
a cycle results in the calculation of the ﬂow volume per
cycle.
The aim of this in vitro study was to evaluate the ac
curacy of segmented k-space TGE MRPVM in quantifying
ﬂow from through-plane velocity measurements, under a
variety of ﬂow conditions and imaging parameters.

2
Methods
2.1
Instrumentation, models, and flow set-up
Steady and pulsatile water ﬂow experiments were con
ducted in a 1.5 T Siemens Sonata whole-body MRI scanner
(Siemens Medical Systems, Erlangen, Germany) with a
maximum gradient strength of 40 mT/m. MRPVM mea
surements were performed in four straight rigid PVC tubes
with inside diameters of 5.6 mm (tube No. 1), 14.7 mm
(tube No. 2), 20.2 mm (tube No. 3), and 26.2 mm (tube

No. 4). The tubes were placed in a water-ﬁlled container to
assure detection of adequate signal.
Steady ﬂow studies were ﬁrst performed using a range
of ﬂow rates (1.7–16.7 ml/s for tube No. 1; 6.7–116.7 for
tube No. 2; 10–166.7 ml/s for tube No. 3; and 16.7–200 ml/s
for tube No. 4). The Reynolds number (Re) ranged between
400 and 10,500. The true ﬂow rate was known via precalibrated rotameters. Then, pulsatile ﬂow studies were
conducted using a computer-controlled piston pump
(SuperPump, SPS 3891, Vivitro Systems Inc., Victoria, BC,
Canada) to provide ﬂow pulsatility. A hardware/software
system (Vivigen Waveform Generator VG8991, Vivitro
Systems Inc.) was used to program and download the ﬂow
waveform from a PC to the piston pump. The piston stroke
volumes studied were 6 ml/cycle for tube No. 1, 20 and
30 ml/cycle for tube No. 2, 40 and 60 ml/cycle for tube No.
3, and 70 and 90 ml/cycle for tube No. 4, all under a rate of
60 cycles/min. The true ﬂow waveform was measured with
a pre-calibrated, MR-compatible (brass), transit-time
ultrasonic ﬂow probe (20 N in-line, Transonic Systems,
Inc., Ithaca, N.Y.). The ﬂow data from the probe was
acquired by a single channel ﬂow meter (T-106, Transonic
Systems Inc.). The ﬂow waveform was recorded on a PC by
digitizing the analog signal from the ﬂow meter with an
A/D board (PCI-MIO-16E-4, National Instruments Inc.,
Austin, Tex.), using the LabVIEW software (Version 5.0,
National Instruments, Inc.). Integration of the ﬂow curve
during the cycle provided the true ﬂow volume.

The actual voxel size varied from 1.0·0.8·3 to
1.6·1.2·5 mm3 for sequence (a) and from 1.4·0.8·3 to
2.1·1.2·5 mm3 for sequence (b). After interpolation, and
for a reconstructed matrix of 256·256, the voxel size
ranged from 0.8·0.8·3 to 1.2·1.2·5 mm3. The TE was
varied between 2.3 and 3.5 ms (shortest possible based on
other imaging parameters), whereas the temporal resolu
tion was 30 ms for sequence (a), and 40–55 ms for se
quence (b). The velocity-encoding value was 20–150 cm/s,
depending on the magnitude of the ﬂow.
In pulsatile ﬂow, a TTL signal synchronized with the
piston pump ﬂow waveform triggered the scanner to ac
quire multiple measurements (time phases) throughout
the cycle. The procedure was similar to the standard
clinical situation in which the ECG signal from the subject
is used to trigger the scanner for data acquisition. The time
corresponding to each time phase was the time of acqui
sition of the central line of the segment. The number of
time phases during the 1-s cycle was 34 for sequence (a),
and 17–25 for sequence (b). The scanning duration was
3.2 min for sequence (a), and 20 s for sequence (b).

2.3
Image data analysis
All (magnitude and phase) images were transferred to a
work station (Ultra-10, SUN Microsystems, Inc., Santa
Clara, Calif.). First, a computer program converted the
phase values of the phase images to velocity values, based
on Eq. (1). Then the images were visualized using Trans
form (Version 3.4, Research Systems, Inc., Boulder, Colo.).
The tube cross-section was clearly visualized and selected
on the magnitude images, this selection was copied on the
velocity images, and the ﬂuid velocity was integrated over
the tube cross-sectional area to ﬁnd the ﬂow rate. In pul
satile ﬂow, integration of the ﬂow curve over the cycle
provided the ﬂow volume.
Regression analysis, sign tests, and Bland–Altman
analysis were performed to compare: (i) the MRPVMmeasured ﬂow values (from both sequences) with the true
ﬂow values; (ii) the MRPVM-measured ﬂow values from
the segmented technique with those from the non-seg
mented technique; and (iii) the ﬂow results between dif
ferent values for slice thickness and ﬁeld of view. Minitab
(Version 13, Minitab, Inc., State College, Penn.) was used
for the statistical analysis. A p-value <0.05 would show
signiﬁcant difference.

2.2
Imaging procedure
The test section (water-ﬁlled container with submerged
straight tubes) was connected to the (steady or pulsatile)
ﬂow loop, and the entire system was inserted into the bore
of the scanner with the test section placed at the iso-center
(Fig. 2). A phased-array receiver coil was used to cover the
test section to improve image quality. Initial localizer
images showed the exact location of the tubes in the
scanner bore. Then, an imaging slice was placed perpen
dicular to the long axis of the tube under study. MRPVM
acquisitions of the through-plane velocity were performed
for each ﬂow condition, using the following two sequences:
(a) conventional non-segmented gradient echo with one kspace line per time phase; and (b) segmented TGE with
seven k-space lines per time phase. Both acquisitions were
performed using a ﬂip angle of 30°. The slice thickness
(ST) was 5 and 3 mm, and the ﬁeld of view (FOV) was
200·200 and 300·300 mm2. The acquisition matrix was
3
192·256 for sequence (a) and 140·256 for sequence (b). Results
Figure 3 shows a magnitude and a phase (velocity) image
acquired using MRPVM. The images were of sufﬁcient
quality for quantitative analysis. Figure 4 shows the mea
sured centerline velocity proﬁles for the non-segmented
and segmented acquisitions for laminar (Re=580) and
non-laminar (Re=5250) ﬂow. The velocity was normalized
with respect to the cross-sectional average velocity. The
velocity proﬁles from the segmented technique agree
closely with the proﬁles from the non-segmented tech
nique. As expected, the laminar ﬂow proﬁle is parabolic
(Fig. 4a) with a maximum centerline velocity approxi
mately twice the cross-sectional average velocity. The
Fig. 2. The pulsatile ﬂow loop

Fig. 3. Magnitude a and phase b MRPVM images clearly showing the
cross-section of the tube. The phase image contains the velocity
(encoded into the signal phase, according to Eq. 1)

Fig. 4a, b. Normalized velocity proﬁles using the non-segmented
(slow) sequence and the segmented (ultra-fast) sequence with 7 kspace lines per segment, for a laminar and b non-laminar ﬂow.
Normalization was performed by dividing the local velocity values
with the average cross-sectional velocity

Fig. 5. a Comparison between the measured ﬂow rates with the
segmented MRPVM sequence and the true ﬂow rates under steady
ﬂow conditions; b measured ﬂow waveforms under pulsatile ﬂow
conditions for a true ﬂow volume of 70 ml/cycle (measured ﬂow
volume =72 and 76 ml/cycle for the non-segmented and the
segmented sequences, respectively); c comparison between the
measured ﬂow volumes with the segmented MRPVM sequence and
the true ﬂow volumes under pulsatile ﬂow conditions

rates known from rotameters. The average error [(mea
sured-true)/true] was –0.9%, and the regression line was
Y=1.05X–0.89, r2=0.989, SE=6.5 ml/s (Y: measured ﬂow
non-laminar ﬂow proﬁle is ﬂatter (Fig 4b) with a maxi
rate, X: true ﬂow rate). The agreement between measured
mum velocity approximately 1.4 times the cross-sectional and true ﬂow rates was conﬁrmed by a sign test
average velocity.
(p-value=0.21).
The measured ﬂow rates from the non-segmented and
3.1
the segmented sequence were also directly compared.
Steady flow results
Regression analysis (Y=1.03X–0.74, r2=0.997, SE=3.3 ml/s;
Figure 5a shows the comparison between the ﬂow rates
Y: segmented, X: non-segmented) and a sign test
measured with the segmented sequence and the true ﬂow (p-value=0.89) showed a very close agreement.

3.2
Pulsatile flow results
Figure 5b shows the measured ﬂow waveforms, using the
non-segmented and segmented sequences, for a true ﬂow
volume of 70 ml/cycle. The measured ﬂow volumes for the
non-segmented and the segmented sequence were 72 and
76 ml/cycle, respectively. The ﬂow curves for the two se
quences were very similar both qualitatively and quanti
tatively for all ﬂow conditions examined.
Figure 5c shows the comparison between the measured
ﬂow volumes with the segmented sequence and the true
ﬂow volumes known from the ﬂow probe. The average
error [(measured-true)/true] was 0.8%, and the regression
line was Y=1.09X–1.96, r2=0.980, SE=4.1 ml/cycle (Y:
measured ﬂow volume, X: true ﬂow volume). This agree
ment was conﬁrmed by a sign test (p-value=1.00). In ad
dition, Fig. 6 shows the Bland–Altman analysis plot for the
comparison between the measured ﬂow volumes with the
segmented sequence and the true ﬂow volumes. The mean
and the standard deviation are low (approximately 0.2 and
3.2 ml/cycle, respectively), and the data points are essen
tially all within the ‘‘±2 standard deviation’’ lines.
Direct comparison between the calculated ﬂow volumes
from the non-segmented and the segmented sequence
showed no signiﬁcant difference. The regression line was
Y=1.03X+1.00, r2=0.948, SE=6.6 ml/cycle (Y: segmented,
X: non-segmented) and the sign test p-value 0.15.
3.3
Slice thickness and field of view
No difference was found between the measured ﬂow rates
with the segmented sequence for the two slice thickness
values used (3 and 5 mm). The regression line on the
steady ﬂow data was Y=1.06X–1.35, r2=0.998, SE=2.9 ml/s
(Y: data for ST=5 mm, X: data for ST=3 mm). A similar
ﬁnding was observed in the pulsatile ﬂow case
(Y=1.01X+0.30, r2=0.979, SE=4.4 ml/cycle; Y: data for
ST=5 mm, X: data for ST=3 mm). A sign test conﬁrmed
the agreement (p-value=0.61).
Similarly, no difference was found between the mea
surements for the two FOV values used (200 and 300 mm).
The regression line was Y=1.00X+0.20, r2=1.000,
SE=1.4 ml/s (Y: data for FOV=300 mm, X: data for

Fig. 6. Bland–Altman analysis plot comparing the measured and true
ﬂow volumes for the seven-line segmented sequence

FOV=200 mm), in steady ﬂow, and Y=1.01X+0.30,
r2=0.979, SE=4.4 ml/cycle (Y: data for ST=5 mm, X: data
for ST=3 mm), in pulsatile ﬂow. The sign test p-value was
0.54.

4
Discussion
Magnetic resonance phase velocity mapping is being used
to measure blood velocity proﬁles and ﬂow non-invasively
in the clinical ﬁeld, as well as to characterize and quantify
ﬂuid mechanics in a number of non-medical applications.
Despite its established accuracy (shown through a number
of experimental and clinical studies), conventional nonsegmented MRPVM is relatively slow. It takes minutes for
a single-slice, one-directional velocity measurement. This
is too long within new clinical protocols that have started
to involve multiple velocity acquisitions. Therefore, ultra
fast MRPVM is necessary. This study evaluated the accu
racy of a segmented MRPVM acquisition scheme with
seven k-space lines per segment, by comparing the ﬂow
results with those acquired using the conventional nonsegmented sequence and with true ﬂow values. MRPVM
measurements under steady and pulsatile ﬂow conditions
showed that the seven-line segmented sequence provided
very accurate and reliable results.
Seven k-space lines per segment allowed a complete
cine acquisition of 17–25 cardiac ‘‘phases’’ in 20 s for a
rate of 60 cycles/min. Increasing the number of lines per
segment beyond seven would further shorten the scan
time, at the expense, however, of temporal resolution
(fewer time phases per cycle acquired). In addition, by
increasing the number of lines, the acquisition time win
dow per time phase becomes wider; this can cause prob
lems in adequately resolving rapidly changing ﬂow
waveforms, such as that in the aorta during systole. On the
other hand, by decreasing the number of lines per seg
ment, the temporal resolution improves, at the expense of
scanning time. As an example, and for the sequence used
in this study, selecting ﬁve (instead of seven) lines per
segment would lead to a 30-s breath-hold acquisition,
probably too long for certain patients. Therefore, imple
mentation of ultra-fast techniques should be done after a
complete evaluation of the accuracy of the sequence,
placing particular emphasis on proper scan duration and
temporal resolution.
The good image quality observed for both sequences
and for all ﬂow conditions was essential for a reliable
image analysis and processing. The measured velocity
proﬁles agreed qualitatively and quantitatively with what is
theoretically and empirically expected (parabolic proﬁles
for laminar ﬂow with a centerline velocity approximately
twice as large as the average cross-sectional velocity;
ﬂat-like proﬁles for non-laminar ﬂow with the maximum
velocity signiﬁcantly less than twice the cross-sectional
average velocity), reﬂecting the reliability of segmented
MRPVM in measuring velocity. There was a small asym
metry in the velocity proﬁles at the wall (the velocity at
r/R=–1 was different from that at r/R=1), probably due to
partial volume effects (Fig. 4). The pixels corresponding to
locations r/R=–1 and r/R=1 may be exclusively in the
lumen, or partially in the lumen and partially in the wall. If

the portion of the pixel being in the wall is different in
those two locations, the measured velocity values will be
different. Therefore, it is not surprising to observe slight
asymmetries in the proﬁle. Increasing the spatial resolu
tion (linked to further advancement in hardware/software)
and, at the same time, maintaining image quality will re
duce this problem and will allow reliable velocity acqui
sitions very close to the wall (very important for accurate
calculations of the wall shear stress).
In pulsatile ﬂow, the measured ﬂow curves for both the
segmented and the non-segmented sequence were very
similar (Fig. 5b). For the segmented sequence, since the
most useful information is contained in the most central
line of the segment, there was an adjustment so that the
time corresponding to any time phase would be the time of
acquisition of the central k-space line of the segment. This
adjustment was necessary to avoid a temporal shift of the
ﬂow curves, as previously observed (Poutanen et al. 1998).

5
Conclusions
Steady and pulsatile ﬂow experiments in straight rigid
tubes under a variety of conditions showed that segmented
k-space MRPVM can provide very accurate, ultra-fast ve
locity measurements and ﬂow quantiﬁcation. The calcu
lated ﬂow rates and ﬂow volumes agreed very closely with
the true ﬂow values. Results for the velocity proﬁles under
laminar and non-laminar ﬂow showed the qualitative and
quantitative reliability of the technique in measuring the
ﬂow velocity. As the need for faster non-invasive ﬂow
velocity measurements is increasing, segmented k-space
MRPVM shows great potential for fast and accurate ﬂow
quantiﬁcation.
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